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Abstract

Experiments were performed studying the propagation of a I-MeV, 2-8 kA,

10-ns electron beam, and possible comparisons of our data with theory are

recommended. Radial boundary conditions were varied by performing experiments

in a glass guide tube 7.6 cm in diameter, the same tube with a conducting

screen inside, and a 3.4-m-diam vacuum chamber.

In the glass tube with no screen, a 6-kA beam propagates well in air in a

window of pressures between 200 and 1070 Pa. Net current is - I kA, with the

return current largely within the beam volume. The high-pressure limit of the

window is reduced for smaller beam current.

With the conducting screen inside the tube, good propagation is still

observed for pressures of 200 to 1070 Pa. In addition, ion-focused

propagation is observed at lower pressure, with net current equal to beam

current. A "notch" in propagated current is observed for pressure * time

,e: products of - 100 Pa-ns. As the pressure is increased above 1070 Pa, hose

instability is observed and net current approaches the beam current.

Propagation in the 3.4-m-diam chamber was rectilinear at - 540 Pa. Hose

instability occurred at higher pressures; at lower pressures the beam was

stable but the path was not straight or consistent from shot to shot.

For pressures within the 200- to 1070-Pa pressure window, the front

velocity increased with increasing pressure and decreasing beam current.

However, for pressures greater than 2000 Pa, the front velocity decreased with

increasing pressure. Net currents in the pressure window were in the beam

direction over a broad radial profile of - 2.5 cm radius, much larger than the

beam radius.
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I. INTRODUCTION

The primary purpose of this investigation was to increase the data base

on electron-beam propagation phenomena in an easily obtained parameter regime

(beam voltage of 1 MV, current of 2-8 kA, and duration of - 10 ns FWHM).

Particular attention was given to phenomena considered relevant to the Chair

Heritage program, such as nose erosion, hose stability at high pressure, ion-

focused-regime propagation, net current measurement, and plasma conductivity

generation.

A number of distinctive features characterize this work in an admittedly

often-explored parameter regime. First, our electron-beam generator has a
4..,

voltage rise time at injection of - 2 ns, permitting us to study nose erosion

phenomena with a beam which quickly reaches a steady state at the nose. This

feature permitted beam front velocity measurements with an accuracy of - 3%

over a broad range of conditions, including variations of gas pressure, beam

current, and voltage. Second, three different radial boundary conditions were

studied: a 7.6-cm-diam glass guide tube, the same tube with a copper screen

inside, and a 3.6-m-diam controlled-environment (vacuum) chamber. Third, in

the case of the guide tube with the conducting screen, propagation was ade-

quate up to 13 kPa (100 Torr) of air to measure front velocity and net cur-

*":" rent. Particularly at lower currents (- 3 kA), propagation was observed at

sufficiently high pressure that (a) there was little avalanche ionization,

(b) the net current was nearly equal to beam current, (c) the front velocity

decreased with increasing pressure, and (d) growing hose oscillations were

detected with the magnetic probes.

Although this investigation did not include significant theoretical work,

we believe that existing propagation simulation programs could be used to

compare predicted results with significant portions of the data to test the

physics assumptions.

In related IRAD (independent research and development) investigations,

t beam current density radial profile has been measured under certain con-

ditions using x rays emitted when the beam strikes a tungsten wire target

(dubbed a "bow probe" at Lawrence Livermore National Laboratory, Reference

1).. Also, a hot, reduced-density channel formed by the beam has been suc-

. ., , .. ? . . . . .. ...



cessfully observed using laser deflection measurements. Where helpful, re-

sults of these investigations are cited. Details can be found in Reference 2.

This work extends that done previously for DARPA with a lower energy beam

(400 keV) (Contract No. N60921-81-C-0512, Reference 3) and incorporates much

.. of the further work suggested in the final report for that contract, particu-

larly the measurements at higher gas pressures, and radially resolved beam and

net current profiles. The present work is authorized by Contract No. N60921-
'. -.,"'82-C-0091, P0003, ARPA Order No. 3618, Amendment No. 35.

• .' The beam generator and diagnostic instrumentation employed in these

experiments are described in Section II. Section III presents experimental

results and analysis. Results are summarized in Section IV and recommenda-

tions are given in Section V.
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II. EXPERIMENTAL EQUIPMENT

A. KDRL Electron Beam Generator

The MDRL electron-beam generator (MEDEA) developed under IRAD is shown in

Figure 1. It operates as follows. Two 0.4 pf capacitors are charged to

* 25 kV and switched by a triggered spark gap into the single-turn primary
of a dual-resonant transformer. The high-voltage end of the secondary winding

couples to the pulse-line capacitance through the external inductor, designed

to optimize the pulse line voltage. Typically, - 903 kV is achieved at the

transformer and 1.4 MV on the pulse line. The isolation resistor minimizes

pre-pulse at the diode. The output switch pressure is adjusted for self-

breakdown at the peak of the pulse-line voltage, sending the voltage pulse

through the isolator section to the vacuum diode. The taper on the isolator

helps provide impedance matching and some voltage step-up.

Diode current
onior /-Diode voltage Pulseline

i Isolation j Output

-AiF External

lsola~rsecion JDamping resistor"-
1;cfoil 

idco

Primar capac tor

Secenaar

switch turns
inigGrading-ring

intefac 1.-MVdua-reonn

Transformer structure

voltage monitor

[..:Figure 1. lDiagramn of MD)RI electron-beam generator (MIIIA).

rbank

Prima-- ". -, ,ry- .
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IV The arrangement for experiments in the guide tube is shown in Figure 3
14

and for experiments in the large chamber in Figure 4.

B. Diagnostics

The diagnostics used for this experiment consisted of a Faraday cup/

calorimeter, magnetic-field probes, open-shutter photography, and diode vol-

tage and current monitors. Two other diagnostics (bremsstrahlung emission

from a tungsten wire crossing the beam, and laser-deflection measurements of

the reduced-density channel) were also developed under MDRL IRAD and prelimi-

nary IRAD results are quoted here as needed.

Figure 5 shows the NDRL Faraday cup/calorimeter. It is similar to that

used in our previous work with the Febetron 706 (Reference 3); the major

changes are a thicker collector to stop the higher energy electrons and a re-

duced inductance of the lead between the collector and the output connector

using a 0.6-cm-diam bellows instead of a thin wire. Calibration to - *3% was

obtained using a mercury-wetted reed switch (Tektronix 109) pulser to obtain

an input signal. The Faraday cup output was compared on a sampling oscillo-

00
Screen
room Control panel

I m
SOscilloscopes

0000 - Gas control panel
Gas bottles Faraday cup

------- L e-beam generator

.---U
Drift tube w/side ports

* Radiation shielding wall

Figure 3. Arrangement for experiments in 7.6-cm-diam glass guide tube.
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by beam space charge, leaving a reduced radial electric field inside the beam

and permitting radial confinement of the beam electrons by the self-magnetic

field of the beam. The screen inside the drift tube is necessary to return

the charge to ground; without it, the charge produces a potential barrier suf-

ficient to stop the beam. At higher pressures (Figures 8b) of - 60 Pa, color

photographs show a characteristic "fire-dragon," with a reddish color and

spikes pointing forward and outward from the main channel. At pressures of

270-1070 Pa, the photos are similar to those in the insulating guide tube

(Figure 8c). The beam continues to propagate stably to higher pressures than

without the screen, finally, however, becoming severely hose unstable (Figure

8d and 8e).

In the large chamber, the phenomena observed are similar to those ob-

served in the insulating drift tube. The main difference is that wall stabi-

lization does not occur. Thus, propagation at 270 Pa (Figure 9b), which in

the tube appears stable, has a meandering character in the open chamber. At

540 Pa, however, propagation is straight even without the tube, within 10

mrad (Figure 9c).

B. Pressure Window Measurements

Pressure windows for four different gases are shown in Figure 10. These

were measured in the drift tube with no screen at a distance of 120 cm. The

variation in position of the pressure window with gas type is qualitatively

like that observed by Fessenden et al. (Reference 5) and Miller et al.

(References 6 and 7). In particular, if a quantity P1 /2 is defined as a

pressure below which more than half the beam charge (or energy) is lost, it is

found in all three experiments that Pt/ 2 is proportional to the electron

impact ionization cross section, Oei , for the gas (* 40% or so). The actual

value of PI/2 varies greatly among the experiments because of the different

pulse lengths and beam currents. However, this scaling shows that the low-

pressure propagation in each case depends primarily on the amount of beam-

electron impact ionization produced.

A comparison of pressure windows in neon between the experiments of

Reference 5, using an FX-25 electron-beam generator, and our experiments using

MEDEA is shown in Figure It. The curves are quite similar except that the

MEDEA curve is displaced by a factor of 2.5 towards higher pressures. This

Z,
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50
SF6

Air m
Ne o

,30A 0 0
z120 cm

No screen0

~20

0 A

*o L
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p .~ Figure 10. Pressure windows for MEDEA e-beam propagation at 6 kA
current in four different gases.
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* Figure 11. Comparison of pressure windows in neon of FX.25 and MEDEA I
e-beams. The data points with circles and squares represent MEiDlA
data taken on different dois. with the circles representing data taken
with a worn cothode and the squares, dats taken after the cathode
was polished.
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displacement probably results primarily from the different pulse lengths of
the two machines (- 40 ns for the FX-25 compared to 10 ns for MEDEA). At low
pressures the beam-generated ionization is proportional to time as well as to
the electron impact ionization cross section. The longer pulse loses 10-20 ns
from the front during the time that ions are being created and still has most

* of its energy reach the Faraday cup, whereas the shorter pulse is entirely
lost. At high pressures, the shorter pulse of MEDEA is less affected by the
hose instability, which grows from head to tail, and thus the pressure window

-. extends to higher pressures.

The high end of the pressure window was found to be dependent on initial
4'. conditions. Simply polishing the cathode could increase the pressure at the

high end by as much as 50%. This effect is also shown in Figure 11.

Figure 12 shows pressure windows in air for MEDEA with a screen inside
the drift tube. Results are shown for two values of beam current. The window

with the screen is broader than without the screen and considerably broader

for the lower current. The high-pressure end of the window is caused by hose
* instability, as seen in the photographs and also in magnetic-probe data. At

low pressures, a number of interesting phIenomena occur which govern the term-
ination of the propagation window (see Section D).

C. Front Velocity Measurements

Front velocity measurements were made in all three configurations over
the range of stable propagation of the beam front. Variations with current

*and voltage were studied in the drift tube only. Nose erosion rates can be
determined by subtracting the observed front. velocities from those which would

occur with no nose erosion. For a 1-MeV beam, the front velocity with no
erosion would be 28.2 cm/ns.

The observed front velocity was determined from Faraday cup signals by
displaying them on a dual-beam oscilloscope (Tektronix 7844) along with the
diode voltage monitor signal (used to establish a fixed time reference).

* Timing accuracies of * 0.15 ns were achieved with this technique. Figure 13
shows a typical data set from which a front velocity was determined. A front

r arrival time was defined (somewhat arbitrarily) as the time when the beamW
rcurrent reached 1.9 kA (0.95 kA for low-current data). The slope of the graph

of front arrival time as a function of distance was then used for the front

14
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Figure 12. Pressure windows for MEDEA e-beam in air in 7.6-cm-diam glass
guide tube with conducting screen liner. Data are shown for two
v'alues of beam current: (a) I, 8 kA, and (b)I lb 3 kA. ~1
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Figure 13. Typical Faraday cup data used to determine beam front velocity.
A graph of front arrival time (if) is inset in the larger graph.

velocity. Typical variations in front arrival time with pressure can be seen

from the Faraday cup data shown in Figure 14. The increase in front velocity

with increasing pressure between 270 and 1600 Pa can be seen from this data.

Variations in front velocity with pressure, current, and voltage are

shown in Table 1 and Table 2 for the case of the guide tube with no screen.

The front velocity variation with voltage is very small, as expected

(AWc 0.2 cm/ns for a change in voltage from 1.14 MeV to 1.27 MeV). The

increase in front velocity with lower currents is expected because of the re-

duced energy loss from induced electric fields at the beam front. A quantita-

tive analysis of this front velocity increase has not been performed but could

be of interest.

The addition of the screen to the drift tube does not alter measured

front velocities within experimental uncertainty (Q ± .5 cm/ns). However,

front velocities could be measured over a much broader range of pressures. As

the pressure was increased from 1000 to 13 000 Pa, the front velocity

decreased. This decrease can probably be attributed to the effect of scatter-

ing of the beam by the gas, which can cause an increase in nose erosion

16
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7 - - 76

2400 Pa

Gas airI
-z = 280 cm

No screen
0

270 Pa ' -400OPa

Time (2 ns/div.) G;P31*ZI5SS

Figure 14. Faraday cup data showing the variation of front arrival time with 4

.P:. pressure from P = 270 Pa to P = 2400 Pa. The front velocity
increases with increasing pressure in this regime. '

TABLE 1. FRONT VELOCITY vs PRESSURE COMPARED FOR TWO
VALUES OF BEAM CURRENT. DATA WERE TAKEN IN
THE GUIDE TUBE WITH NO SCREEN.

'beam 6 kA, V~beam=, 1. 0 M 1V 'beam 1.5 kA. Vbeam= 1.0 MI'

Pressure Vfront Pressure Vfronf
(Pa) (cm/ns) (Pa) (cm/ns)

267 19.9 267 22.9

400 20.9 400 23.5

666 21.7 666 24.0

1066 22.2 1066 (Propagation unstable
22.6 16W nose is lost)

1600 2. 6X

d...4

* 170



TABLE 2. FRONT VELOCITY vs PRESSURE COMPARED FOR TWO
VALUES OF BEAM VOLTAGE. DATA WERE TAKEN IN
THE GUIDE TUBE WITH NO SCREEN.

'beam = 2.4 kA, Vbea,, = 1. 14 MV 'beam =2.4 kA, Vgam =1.27 MV

Pressure Vfront Pressure Vfront
(pal (cm/ns) (Pa) (cm/ns)

200 21.8 200 22.3

267 22.6 267 22.9

400 23.3 400 23.5

666 24.3 666 24.5

1066 24.3 1066 25.1

GP31-2159-23

--..

(Reference 8). Faraday cup signals showing this effect are shown in Figure

15, and a plot of front velocities as a function of pressure at two values of

current is shown in Figure 16.

Front velocity measurements in the space chamber were hampered by our

inability to aim the beam at most pressures, as demonstrated in Figure 9.

However, at 540 Pa with a beam current of 6 kA, the beam trajectory was

sufficiently reproducible to permit the front velocity measurement, giving a

result of 17.3 cm/ns, which is distinctly slower than in the guide tube.

D. Low-Pressure Propagation

With no conducting screen in the guide tube, the electron beam does not

propagate well at air pressures below - 200 Pa (Figure 7), presumably because

of the effects of the electrostatic potential barrier produced by the beam.

With the addition of the conducting screen, there is improved propagation and

a number of interesting features appear (Figure 17). Before commenting on the

data, we review briefly the three propagation regimes which appear to be

involved here, viz., the ion-focused regime, the two-stream unstable regime,

and the stable, charge-neutral propagation regime.

Ion-focused regime (IFR) propagation (Reference 4) occurs when the beam-

produced ion density (ni ) fulfills the condition

n
I i.... - <--< I .
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sb

..... .... . .1 -.



133 .

2 530 Pa

2Gas air
U z= 128 cm

* -. With screen

I I I I I I I
Time (2 ms/div.) G3-15

Figure 15. Faraday cup data at high pressures showing the front velocity
decreasing with increasing pressure.
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Figure 16. Measured front velocity as a function of pressure at two values of
beam current.
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where nb is the beam electron density and y is the usual relativistic fac-

tor. Under these conditions, the beam is only partially charge neutralized so

that a strong radial electric field exists which rapidly expels plasma elec-

trons from the beam volume. The beam is in an equilibrium in which the out-

ward force of the radial electric field is balanced by the v x B force inward.

When ni/nb 1 1, the beam is completely charge neutralized and the radial

electric field therefore becomes zero; plasma electrons created subsequently
'-I

remain within the beam volume. The relative motion of the beam and plasma

electrons can, under certain conditions, permit the growth of the two-stream

instability (References 9-10) which can disrupt the propagation of the beam.

"" As the plasma electron density increases, the two-stream instability

*' growth rate and saturation energy are reduced until the instability is

" stabilized by electron-neutral collisions. In this case the beam is in the

. stable, charge-neutral propagation regime.

If we consider a given axial position along the length of the guide tube,
a..h

we see that the ion density increases with time, so that the beam passing

through that location initially propagates in the ion-focused mode, then

passes through the two-stream unstable mode, and finally reaches the stable,

charge-neutral mode. As the neutral gas pressure in the tube is increased,

the beam passes through the first two modes with increasing rapidity because

the rate of ion production by beam-electron impact ionization is proportional

to the neutral gas density.

If we consider a given slice of the beam, it will in general propagate

for some distance in each regime; as the front of the beam erodes, a given

*slice of the beam moves closer to the beam front and thus encounters less

beam-produced ionization.

To quantify these ideas, we express the ionization rate as

dn.1
n n a PC,dt no b ei jc,

where a is the neutral density, aei is the electron impact ionization cross

section, and pc is the speed of a heam electron. Note that avalanche

Ionization is neglected. In specifying the value for cei' we assume that

cascade normally associated with high electron energy impact ionization

fV 21
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(Reference 11) does not occur within the beam radius. Using published values

of aei and converting no to units of gas pressure gives

dn i n b(2

where x~ 1.3 x 10O7/p, with P equal to air pressure in Pascals. If ni

constant, -n is the time required to achieve ni/nb - 1, i.e., full charge

neutralization. For a linearly rising nb, Equation (2) shows that full

neutralization is achieved after a time of 2x n

At pressures up to 41 Pa, front velocities are slow (Figure 17a-c),

attributed to the fact that neutralization times are quite long (several nano-

seconds) compared to the pulse duration. The beam which reaches the Faraday

cup is propagating in the ion-focused mode over most of the distance.

As the pressure is increased, the front velocity increases as the

neutralization time decreases. At a point where pressure multiplied by time

equals about 100 Pa-ns at the Faraday cup, there is a deep "notch" in the beam

current in the data for pressures of 55 to 93 Pa, with the notch occurring

sooner at the higher pressures (Figure lid-f). This pressure multiplied by

* time product, 100 Pa-ns, corresponds roughly to the occurrence of full charge

* neutralization, necessary for onset of the two-stream instability. Finally, a

-~ short time later, efficient beam propagation occurs again, presumably because

the plasma density has increased sufficiently to stabilize the two-stream

* instability.

Calculations and experiments which could further clarify this data are

recommended in Section V.

E. Magnetic Field Measurements

Magnetic-field probe data were taken with no screen in the guide tube at

pressures of 400 and 1070 Pa, and with a screen in the guide tube over a wide

*range of pressures (29 to 13 000 Pa) and at two values of beam current.

Net current as a function of time with no screen is shown in Figure 18.

It rises for -2 ns to a value of -20% of the peak beam current, and then

remains relatively constant for a period of time much longer than the beam

duration. Radial profiles of the net current within a given radius

I(In(r) =2Ir,/%j, where B. is the magnetic fieLd in the 0 direction)] are

22
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shown in Figure 19. The net current density, J(r) (1/2nr)(dIn(r)/dr), is

seen to be in the same direction as the beam out to a radius of r a 2.5 cm.

This result is surprising in view of the small beam radius measured by the x-

ray emission diagnostic (< 0.5 cm Bennett radius).

The fact that the net current is much smaller than the beam current im-

plies that a plasma return current must be flowing opposite to the beam cur-

rent direction, nearly equal in magnitude, and within a channel of 1 cm in

radius. On the other hand, at radii Z 1 cm, where the beam current density is

low, the increasing net current implies that a plasma current equal to - 20%

of the beam current is flowing in the beam direction. In contrast, a standard

Ohm's law model of the plasma predicts that the plasma current should flow

opposite to the beam direction in a channel somewhat larger in radius than the

beam, with the details depending on the plasma conductivity profile. Two

possible explanations are (1) the probes produce a large perturbation to the

plasma current, or (2) the broad channel of current in the beam direction is

due to 6-rays, that is, to high-energy secondary electrons produced in small-

impact-parameter collisions with electrons in the neutral gas (Reference

12). This phenomenon of a broad net current flow was also observed in

experiments at Lawrence Livermore National Laboratory on the ETA accelerator
(Reference 12).

With the screen inside the drift tube, data were measured over the full

range of pressures (from low-pressure IFR propagation to high-pressure hose-

* -unstable propagation). Unfortunately, the "two-stream notch" regime was not
explored in this survey. The radial profiles were similar to those without

the screen with current flowing in the beam direction through most of the tube

diameter. Data presented henceforth is at 3-cm radius, i.e., just inside the

screen.

The broader pressure window and more interesting probe data were obtained

at a beam current of 3 kA. Examples are shown in Figures 20 and 21. In the

ion-focused regime (Figure 20a), good agreement is generally observed between

*' probe and Faraday cup data. The small afterpulse may be caused by a two-

stream-driven current late in the pulse which did not penetrate the Faraday

* .cup foil. At 130 and 400 Pa net current is similar to, but larger than, that

.. measured for propagation without a screen. The net current follows the beam

". current for a few ns and then is clamped as the plasma conductivity, c, causes

* 24
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the monopole decay time, T ~aa to be much larger than the beam pulse

length. Decay times after the pulse are ~- 140 and 50 ns for the 130 and 400

Pa cases, respectively. At 1070 Pa, the return current decay time is reduced

to -15 na, so that significant return current decay is observed within the

pulse length. The values of a implied by these decay times are much larger

than expected from direct beam-produced ionization alone, implying substantial

avalanche ionization.

For pressures of 2700 Pa and above (Figure 21) the probe signals are no

longer symmetric between right and left sides, because of the motion of the

beam. The interpretation of the probe signals can no longer be simply in

C' terms of the net current based on cylindrical symmetry, i.e.,

n= 2-n r B 0/10. Under the assumption, reasonable at these pressures, that

the current flow diameter is small compared to the radius at which the

observation is made, we can calculate that

onB- (3)
y 2n x (-I ) 2 +-2

where B yis the magnetic field perpendicular to the plane of the loops of the

* magnetic-field probes, x is the position coordinate of the probe (y is
p p

zero), and 3E and 3F are the coordinates of the beam filament (normalized to

x p). This exp~ression is derived by calculating the magnetic field of an off-

cLenter current filament at the probes, neglecting image currents. Based on

Equation (3), the quantity 2nt x pB Yp can be interpreted as In times the

In Figure 21, we see that the Faraday cup data (taken on different shots

but the same conditions) show the beam current and the net current to be equal

in the early part of the pulse. In some cases, particularly those shown in

*Figures 21b and 21c, it appears that the beam is lost from the Faraday cup at

earlier times than indicated from magnetic-probe measurements. This loss may

-. be caused by a slight variation in beam behavior which produced greater loss

of the beam tail for the Faraday cup shots. In Figure 21b, the Faraday cup
data are replicated for 530-Pa propagation, where the tail of the beam is

stable. Apparently tail loss on the particular shot measuring these magnetic-

probe data is between the losses seen in the two Faraday cup signals.

29
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Some semi-quantitative conclusions can be inferred from these data. The

first conclusion is that the near equality of beam current and net current

indicates that avalanche ionization is small at 2700 Pa and above, for the low

current case. The induced electric fields are sufficiently low (Ez peaks at

2000 V/cm) that this deduction is quite reasonable. A second conclusion is

that the hose frequency observed is roughly in accord with theory. The most

unstable wave expected has a real frequency of w M 1/J- Td where Td is thedt

dipole decay time (Reference 13). For a Bennett profile, 1d 1/8 Tm' where

T is the monopole decay time (Reference 14). Thus, the period of the hose
mm

oscillations should be Those m mi/ n38~-14t*Atrteba a
passed, a decay time, Tm of ~ 2 ns was observed. During the beam pulse, Tm

should be less because Tm is proportional to the plasma conductivity (which is

proportional to the plasma electron density) which increases over the length

of the beam pulse. Thus Those 3 ns is calculated, which is in accord with

the observations.

For the high-beam-current case (I _ 8 kA), the net current signals shown

-> in Figure 22 indicate that current neutralization at high pressures is much

greater than that observed for the low-current case. Compare Figures 22d and

21a. This increased neutralization probably results from the greater dI/dt at

the beam front, resulting in some avalanche ionization. The resultant

increased conductivity produces a larger Tm (approximately - 20 ns at 2700 Pa

by the end of the beam pulse) and thus the return current does not decay as

quickly (i.e., the net current is frozen at a low value by the avalanche-

S.'. generated conductivity). A quantitative comparison of the measured net

current with that predicted by a circuit model is planned and may be able to

explain the difference between the high- and low-current data.

30g

2-- --.



0. %

- Beam current Gas =air

-Net current at z= 135 cm
r 3.0Ocm With screen

V4

.gt%

0%%

- --

------ - - - -

4) 4

P= 1370 Pa

----------

P 70 P
U

Tim (5 ns/di- - ---------------

Fiue2.0%cretdiswt cenisd h lasdittb tahge
bemcret)b, 8k)

I.31



IV. SUMMARY AND CONCLUSIONS

Propagation experiments have been conducted with a 1-MeV, 1O-ns electron

beam with currents of 2-8 kA, in a 7.6-cm-diam glass tube, in the same tube

with a conducting screen inside, and in a 3.4-m-diam chamber.

A pressure window for good propagation exists between 200 and 1070 Pa of

air for propagation in a glass guide tube with no screen at a beam current of

6 kA. The net current is - I kA, implying a large plasma return current

within the beam volume. The net current is observed to be in the beam

direction over a broad radial profile of - 2.5-cm radius, compared to a beam

radius of - 0.5 cm; these are similar to observations on ETA at LLNL. At

lower pressures, the entire beam deflects and strikes the tube; at higher

pressures, the beam tail is lost, with increasing loss as the pressure is

increased. At low current (2.4 kA) the loss of the tail at high pressure is

more severe. With the screen inside the drift tube, ion-focused-regime propa-

gation is observed. For pressuretime products, PT F 100 Pa-ns, a notch in

beam current propagated is observed, probably due to the two-stream instabil-

ity. At pressures of 130-1070 Pa a propagation window is observed, similar to

that without the screen, with a broad forward net current radial profile. At

higher pressures, the m = 1 hose instability is observed, with the net current

equal to the beam current and loss of the tail of the beam. The observed

hose-oscillation frequency is in reasonable accord with theory.

Propagation in the 3.4-m-diam chamber is rectilinear (within 1 10 mrad)

over only a narrow pressure range around 540 Pa.

The beam front velocity increases with pressure to a broad peak at

1 1000 Pa, decreasing at much higher pressures. At low pressures, the lower

current beam had faster front velocities.

.3-
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V. RECOMMENDATIONS

For future study, the following comparisons with theory suggest

themselves:

(1) An envelope code following beam propagation in the ion-focused regime

(IFR) should be compared with the IFR front-arrival data.

(2) The high-pressure front velocity, net current, and hose growth data

should be compared with simulation runs for the same beam parameters.

-.. (3) Measurements of microwave emission and of plasma density could

clarify the role of the two-stream instability in producing the notch

in beam current described in Section II D.
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